We report a combined experimental and theoretical study of the optical response of epitaxial silicene on silver. The silicene/Ag(111) ultraviolet-visible absorption spectra, which turn out to be strongly nonadditive, are analyzed in the framework of ab initio calculations. Electronic transitions involving silver states are found to provide huge contributions to the optical absorption of silicene, compatible with a strong Si-Ag hybridization. The results are independent of the specific silicene configuration and are also worked out for thin amorphous silicon. This points to a dimensionality-driven peculiar dielectric response of the two-dimensional-silicon/silver interface, which is confirmed by means of transient-reflectance spectroscopy. The latter shows a metalliclike relaxation time, hence demonstrating the effects of the strong hybridization arising in silicene/Ag (111) Recently, the integration of silicene in field-effect transistors (FET) [1] opened new challenges in the comprehension of the chemical and physical properties of this elusive two-dimensional (2D) allotropic form of silicon. Intense efforts have been devoted to the study of the epitaxial silicene/Ag(111) system in order to elucidate the presence of massless Dirac fermion in analogy with graphene [2, 3] . Although recent experiments report on the linear dispersive bands [4] , strong hybridization effects have been invoked as responsible for the disruption of π and π * bands in silicene superstructures on silver [5] [6] [7] [8] [9] . In this framework, the measured ambipolar effect in silicene-based FET characterized by a relatively high mobility when Ag is withdrawn, points to a complex physics at the silicene-silver interface, demanding a deeper comprehension of its details on the atomic scale.
Recently, the integration of silicene in field-effect transistors (FET) [1] opened new challenges in the comprehension of the chemical and physical properties of this elusive two-dimensional (2D) allotropic form of silicon. Intense efforts have been devoted to the study of the epitaxial silicene/Ag(111) system in order to elucidate the presence of massless Dirac fermion in analogy with graphene [2, 3] . Although recent experiments report on the linear dispersive bands [4] , strong hybridization effects have been invoked as responsible for the disruption of π and π * bands in silicene superstructures on silver [5] [6] [7] [8] [9] . In this framework, the measured ambipolar effect in silicene-based FET characterized by a relatively high mobility when Ag is withdrawn, points to a complex physics at the silicene-silver interface, demanding a deeper comprehension of its details on the atomic scale.
The present paper aims at elucidating the role of the Ag(111) metallic support in determining the physical properties of the Si/Ag (2D) interface, by means of optical techniques combined with theoretical calculations. In particular we show that interface states built up by mixed silicon and silver wave functions have a striking impact on the optical response of the low-dimensional Si/Ag system. The synthesis and the Al 2 O 3 capping of our samples has been extensively described elsewhere [1, [10] [11] [12] and is briefly described in the Supplemental Material [13] . The silicene samples analyzed in the present paper are characterized by the simultaneous presence of the 4 × 4 and the √ 13 × √ 13 superstructures (mixed-phase silicene). We also succeed in isolating the 2 √ 3 × 2 √ 3, as previously reported [1, 11] . We perform ex situ Raman characterization by using a Renishaw Invia spectrometer equipped with the 2.5 eV/488 nm line of an Ar + laser line focused on the sample by a 50 × 0.75 N.A. Leica objective providing a spot diameter of * eugenio.cinquanta@mdm.imm.cnr.it † guido.fratesi@unimi.it about 0.8 μm. The power at the sample was maintained at 1 mW in order to prevent laser induced sample heating, and we acquired hundreds of spectra in order to get the highest signal to noise ratio. We carried out all the measurements in a z-backscattering geometry. Figure 1 compares the typical Raman spectrum of mixed-phase (4 × 4 and √ 13 × √ 13) and 2 √ 3 × 2 √ 3 silicene/Ag(111) samples with those of a thin amorphous silicon layer (a-Si in the following) control sample (see Supplemental Material [13] for scanning tunneling microscopy images). The figure clearly shows how much the Raman spectra of the silicene/Ag(111) systems differ from the one of 1 ML equivalent a-Si. This can be easily understood in terms of the crystalline order of silicene, responsible for the narrow Raman peak, whereas the a-Si bears only short-range order resulting in a broad Raman bump peaked at 480 cm −1 . The perturbation of the D 3d point group symmetry with respect to 1 × 1 free standing silicene (FSS) induced by the Ag substrate triggers the activation of the breathinglike modes that in turn affect the Raman response of differently oriented phases as a function, for instance, of the exciting wavelength [11] .
In this respect, the optical properties of silicene have been theoretically studied for the unsupported FSS 1 × 1 phase. Intriguingly, the presence of the buckling, which is responsible for the sp 2 -sp 3 character of FSS, does not lift the degeneracy nor the linear dispersion of bands at the K point in the Brillouin zone, so that FSS shows an absorbance A(ω) → πα (with α the fine-structure constant) in the limit of ω → 0. Other features are a first absorption peak at 1.6 eV due to a van Hove singularity in the joint density of state and a main peak at about 4 eV [14] .
Concerning epitaxial silicene, the influence of the Ag(111) support on the band structure has been deeply studied in the literature, and it has been demonstrated that the strong Si-Ag hybridization effect completely suppresses π and π * bands, with the consequent loss of the Dirac cones in the silicene band structure near the K points [5, 7] . Nevertheless, the optical properties are largely unexplored in the literature; it is thus interesting to elucidate how the Ag-related loss of symmetry together with the concomitant strong Si-Ag interaction deeply affects the dielectric response of the 2D silicene/Ag interface.
We carried out our calculations in the density-functional theory (DFT) framework. Optimized coordinates for the adsorbed silicene phases (4 × 4, √ 13 × √ 13, and 2 √ 3 × 2 √ 3) were determined by some of us in a previous paper [11] and are taken here as a reference. They are depicted in Figs. 2(a), 2(b), and 2(c), respectively. Structural models consist of a five layer Ag(111) slab, with silicon atoms adsorbed on one side only. Periodic boundary conditions are imposed, with a vacuum separation between adjacent slabs of at least 17Å. We also considered structural models for amorphous silicon overlayers, using the same computational setup. In this case, the initial structures were obtained by slicing the atomic positions at a cubic-Si/amorphous-Si interface, as determined by tight-binding molecular dynamics simulations [15] , placing it on a 4 × 4 Ag(111) supercell, and performing further geometrical relaxation. This resulted in the structural model shown in Fig. 2(d) . The ground state charge density and potential were computed at fixed atomic coordinates by using pseudopotentials and a plane wave basis set, as implemented in the Quantum-ESPRESSO package [16] . We adopt the local density approximation (LDA) to the exchange and correlation functional [17] , with a kinetic energy cutoff of 32 Ry and a 3 × 3 surface Brillouin zone sampling. We finally evaluate the optical properties using the Yambo software [18] . We focus on the optical absorbance at normal incidence in the visible-near UV range, which for a silicene/Ag(111) slab reads [14] :
Here L is the thickness of the three-dimensional supercell (slab and vacuum space) in the direction orthogonal to the surface, and ε M its macroscopic dielectric constant. In the independent particle random phase approximation (IP-RPA) ε M is given by a sum of individual valence (v) to conduction (c) transitions involving the velocity operator v [19] :
By v and c we label the LDA eigenvalues ( ) and eigenfunctions (ψ), with k spanning a 12 × 12 mesh in the twodimensional Brillouin zone for the 4 × 4 case (increased to 18 × 18 for unsupported silicene in the same unit cell). Intraband transitions, responsible for the infrared absorbance (Drude peak) in metallic systems, were not included. It must be stressed that the inclusion of self-energy and excitonic effects has been shown to lead to a large compensation between the latter (electron-hole interaction) and the modification of the single-particle excitation energies [20] ; also other silicon low-dimensional systems mostly exhibit a blueshift of the absorption peaks when going beyond IP-RPA [21] . Figure 3 shows the calculated absorption spectra of supported and unsupported 4 × 4 (i.e., without the Ag atoms but with the same Si coordinates) compared to that of an a-Si layer with the same density. For the unsupported 4 × 4 case (dotted red curve in Fig. 3 ), the sharp interband peak at 4 eV characterizing FSS absorbance [14] evolves to a broader feature, still centered at 4 eV, indicating a modified band structure. Conversely, the van Hove feature at about 1.6 eV at the M point of the Brillouin zone for FSS is still present, as shown in the inset of Fig. 3 , indicating that the singularity in the band structure at this energy is preserved despite the change in lattice structure and point-group symmetry (C 6v ). However, that symmetry breaking of the 4 × 4 atomic arrangement opens a band gap at of 0.30 eV, in agreement with previous findings [5, 22] , so that A(ω) = 0 at lower frequencies, as can be seen in the inset of Fig. 3 , which compares the 1 × 1 FSS and unsupported 4 × 4 absorbances in the infrared range. If the crystalline order is totally reduced down to the amorphous limit, as for the unsupported a-Si (blue dotted line in Fig. 3) , then all the absorption peaks disappear and the absorbance is almost flat all over the UV-Vis spectral region with a slight maximum at 2 eV.
The effect of the silver substrate on the optical response of the Ag supported silicene is not trivial and reflects the special physics of the 2D silicene/Ag interface. The dash-dotted curve in Fig. 3 reports the absorption of the bare silver slab, which puts into evidence a negligible contribution in the visible spectral range and a significant absorbance above 4 eV. We neglect here the Drude tail, which cannot be accounted for by the present treatment and will not be discussed further. The continuous red curve in Fig. 3 is the absorbance of 4 × 4 silicene on Ag(111). Clearly, the presence of the substrate does not trivially recast as a modified background, given by the sum between the absorbance of the bare Ag(111) slab and of the unsupported silicene. Beyond an increased background in the UV spectral region, two main effects are evident: the absence of the van Hove peak at 1.6 eV, combined with the sharpening and the redshifting of the main absorption peak to about 3.3 eV. The former fact highlights how the presence of silver deeply impacts the band structure of the adsorbed silicon, and consequently its absorbance: This finding is consistent with a strong hybridization between Ag and Si states, as previously argued [5, [7] [8] [9] . These effects are apparently less evident for the a-Si case, whose absorption profile (continuous blue line in Fig. 3 ) is relatively less structured, and the major influence of the underlying silver substrate is a further smoothening of spectral features (dashed blue line).
In order to elucidate the role of silver in determining the optical response of epitaxial silicene, we developed a method enabling us to factor the contribution to the optical absorption due to valence and conduction states localized either on Si or Ag atoms. This can be evaluated from the projected amplitude of the Kohn-Sham eigenstate ψ ik on the atomic orbitals φ of the given species X (X = Si, Ag), defined as standard:
The contribution to the absorbance from valence v and conduction c states localized on species X and Y , respectively, is then computed by modifying Eq. (2) as follows:
Hence the total absorbance is given by the sum of pure terms (Si→Si, Ag→Ag) and mixed ones (Si→Ag, Ag→Si). Since the projection is not complete, one also has a remainder due to orbitals other than Si and Ag ones, which in our case constitutes a minimal fraction of the spectrum. Figures 4(a) , 4(b), and 4(c) show the optical absorption of the three considered supported silicene phases factorized in pure and mixed contributions [23] . Remarkably, also in the spectral region where the absorption is strictly related to the presence of silicene (about 3-4 eV, as shown in Fig. 3 ), the pure silicon states provide just a weak contribution to the total absorption whereas electronic transitions involving pure Ag states or mixed Si→Ag and Ag→Si states are responsible for almost the whole intensity. This apparently counterintuitive result puts into evidence delocalization and hybridization effects involving the electronic states at the Si/Ag interface, irrespectively of the local atomic arrangement in the epitaxial silicene lattice: On the one hand a distinction between spectral features attributed to the presence of silicene on Ag(111) can be clearly identified, despite the modifications with respect to FSS discussed above, so that electronic states at the interface bear the signature of the Si overlayer in the spectrum. On the other hand, the strong interaction between the adsorbate and the metallic support delocalizes silicon-induced states well beyond the silicon region itself. Figure 4(d) shows the factorized absorption of 1 ML of a-Si on Ag(111). We recall that for this system the presence of the substrate has a much weaker influence on the absorption of the unsupported layer (see Fig. 3 ) than for 4 × 4 silicene. Nevertheless, also for a-Si we recover the same hybridization effects observed for silicene. While the absence of modification in the visible spectrum of supported and unsupported a-Si is straightforward, the contribution of Ag wave functions to the absorption observed in Fig. 4(d) is remarkable. In complete analogy with the silicene case, a-Si optical absorption is dominated by pure Ag and mixed Ag→Si/Si→Ag contributions, providing evidence that the hybridization of Si wave functions with those of the silver substrate is independent of the atomic configuration of the Si layer. This remarkable effect thus emerges as strictly related to the 2D nature of the silicon adsorbate and its interaction with the substrate.
In order to further investigate this point, we performed transient-reflectance optical spectroscopy, a time-resolved experimental technique giving access to the study of the carrier dynamics on the electronic timescale. We hence investigate the ultrafast photophysical properties of silicene by performing 165427-3 pump-probe measurements in reflection geometry, with a temporal resolution of about 20 fs. We excited the sample with a broadband visible pulse, spectrally peaked around 500 nm, obtained from a visible optical parametric amplifier (OPA) [24] . We used as a probe the second harmonic of another OPA. Both OPAs were driven by an amplified Ti:sapphire laser system (500 μJ, 150 fs, 1 kHz). After chirped mirror compression, the duration of the pump pulse was less than 15 fs. We measured the probe reflection of the sample with an optical multichannel analyzer working at the full repetition rate of the laser source. The acquisition of the pump-perturbed and pump-unperturbed probe spectra allowed us to extract the sample differential reflectivity decay in the first 2 ps after the excitation. Bulk diamondlike and amorphous silicon typically show charge dynamics with relaxation time of the order of tens/hundreds of ps due to long recombination time of excitons in indirect and direct band-gap semiconductors [25, 26] . On the other hand, metals are characterized by ultrafast dynamics with a time constant of the order of tens of fs arising from e-e thermalization [27] . The carrier dynamics at the silicene/Ag interface can be inferred both for Ag-supported silicene and a-Si. In detail, carrier relaxation takes place with a time constant of hundreds of fs, reflecting a metalliclike behavior rather than a semiconducting one. Intriguingly, the reduced dimensionality of the Si layer and its coupling to the substrate induces relaxation time for the carriers two or three orders of magnitude faster than in conventional semiconductors but not as fast as in a purely metallic system (the dynamics of diamondlike silicon and the bare Ag substrate are compared in Ref. [28] ), therein claiming a peculiar dynamics for both 2D Si adsorbates. The observed dynamics have to be ascribed to the presence of a fast relaxation path characterizing the 2D Si/Ag interface, such as e-e thermalization and e-ph scattering processes, and the absence of long e-h recombination typical for semiconductors. The delocalization effect described in Fig. 4 , and the related contribution to the absorption of electronic transition involving Ag wave functions, suggests that the strong hybridization present at the 2D Si/Ag interface influences the carrier dynamics by inducing fast metalliclike relaxation channels. Nonetheless, Tao et al. [1] demonstrated that a-Si and epitaxial silicene show strikingly different electrical responses when integrated in FETs once the underlying silver support is removed, the former being trivially semiconducting and the latter exhibiting an ambipolar transport behavior. This fact provides evidence of the dual role of the substrate, which on one hand allows for the synthesis of a metastable phase of silicene and on the other hand induces a metallic character through a proximity hybridization.
In conclusion, we studied experimentally and theoretically the optical response of the 2D silicene/Ag interface, the paradigmatic system for the synthesis of the epitaxial silicene. We show how the metallic substrate contributes to the absorption not in a simple additive way, and we explain this effect in terms of hybridization of silicon states with silver ones extending in the metallic support. Thanks to the silver contribution the charge carrier dynamics occurs on timescales much faster than for typical semiconductors, yet not as fast as on pure Ag. The similarity of outcomes we find for a silver-supported ultrathin amorphous silicon layer calls for a mechanism driven by the dimensionality reduction of Si at the interface. Our findings can have a strong impact in the case of other supported elemental 2D materials, such as germanene [29] and stanene [30, 31] deposited on commensurate substrates.
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